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A systematic ultrastructural study across the edge of an advancing infection in pea seed-borne mosaic potyvirus-infected
pea cotyledons showed the cylindrical inclusion (CI) protein to exist in transient functional states. Initially, the characteristic
CI pinwheel inclusion bodies were positioned centrally over the plasmodesmal apertures (including those of plasmodesmata
connected to the previously infected cell), in agreement with a proposed role in virus movement (Carrington et al., 1998, Plant
J., 13, in press). The viral coat protein was associated with these structures and was seen within the modified plasmodesma,
most notably in a continuous channel that passed along the axis of the pinwheel and through the plasmodesma. The CI
protein was not detected within the plasmodesmal cavities. Later in the infection (i.e., behind the zone of active virus
replication) the CI was no longer associated with cell walls, or with coat protein, and showed signs of structural degeneration.
In contrast, the coat protein remained within plasmodesmal cavities. The role of the CI in assisting virus movement is not
known but the presence of the CI was linked with an apparent transient reduction in callose in the vicinity of the
plasmodesmata. © 1998 Academic Press
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INTRODUCTION
A modification to plasmodesmal gating is a prerequi-
site to a spreading virus infection in plant tissues. This
modification increases the functional size exclusion limit
of plasmodesmata to allow the passage of virus nucleic
acid and/or virus particles. Different viruses achieve this
in different ways but, in all cases, it is through the action
of virus-encoded proteins, called movement proteins
(MP). Classically, these MPs have been identified as
proteins, which after mutation, block virus spread from
cell to cell but have no effect on virus replication in single
cells or by their ultrastructural or functional association
with plasmodesmata (reviewed in Carrington et al., 1996;
Ghoshroy et al., 1997; Lucas, 1995).
The mechanism of movement of the potyviruses, the
largest group of plant viruses, has not been fully re-
solved. These viruses have a large (approx. 10 kb) RNA
genome that is translated into a single large polyprotein
which releases functional gene products through the
action of self-encoded proteinases (Reichmann et al.,
1992). Some of these products, but particularly the two
nuclear inclusion (NIa; NIb) and cylindrical inclusion
(CIP) proteins, can accumulate to high levels and be-
come visible in the cell as characteristic inclusions.
These inclusions have been used diagnostically to iden-
tify different potyviruses.
Many of the potyviral gene products have been impli-
cated in the process of virus movement. The helper
component-proteinase (HC-Pro) protein has been impli-
cated in long distance movement of tobacco vein mot-
tling virus (TVMV; Klein et al., 1994) and tobacco etch
virus (TEV; Cronin et al., 1995). Some mutations in the
coat protein (CP) of TEV abolish movement from cell to
cell without impairing replication, defining the CP as a
MP (Dolja et al., 1994, 1995). Similar analysis of the TEV
CIP revealed pleiotropic effects affecting replication and
movement (Carrington et al., 1998). Some mutants were
defective in only long-distance movement. In contrast,
two mutants near the N-terminus of CIP were unable to
move from cell to cell but could replicate normally in
single cells, providing definitive evidence that the CIP
also participates as a MP. Using a different approach,
Rojas et al. (1997) tested the ability of microinjected
potyvirus proteins (expressed in and purified from Esch-
erichia coli) to modify plasmodesmal size exclusion lim-
its. In this case, HC-Pro and CP, but not CIP, from bean
common mosaic necrosis virus and lettuce mosaic virus
increased plasmodesmal gating capacity, suggestive of
a MP function.
An association between the CIP and virus movement
has been proposed previously. This was based upon the
association of CIs with plasmodesmata, particularly
views that show the CI positioned over the plasmodes-
mal aperture (Lawson and Hearon, 1971; Langenberg,
1 Present address: State Key Laboratory for Plant Cell and Chromo-
some Engineering, Institute of Genetics, Chinese Academy of Sci-
ences, Beijing 100101, China.
2 To whom correspondence and reprint requests should be ad-
dressed. Fax: 44 1603 456844. E-mail. andy.maule@bbsrc.ac.uk.
VIROLOGY 245, 173–181 (1998)
ARTICLE NO. VY989132
0042-6822/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.
173
1986; Calder and Ingerfield, 1990; Rodrı´guez-Cerezo et
al., 1997). By comparing the location of CIs in young and
old systemically infected tissues, the importance of CIP’s
acting early after infection has been proposed (Langen-
berg, 1986; Rodrı´guez-Cerezo et al., 1997). However,
since we have shown (Wang and Maule, 1995; Aranda et
al., 1996) that the phase of potyvirus replication is very
short following the invasion of uninfected tissues, we
must assume that systemically infected tissues contain
mixtures of newly and older infected cells. In this paper,
we have used electron microscopy and immunogold
labeling of a narrow band of cells across the advancing
infection front in pea seed-borne mosaic potyvirus
(PSbMV) infections to show more precisely the dynamic
role of the CI in infected tissues.
RESULTS
Association between CIs and plasmodesmata
In the electron microscope, CIs appear in cross sec-
tion as pinwheel structures, i.e., a central core with
radiating curved leaflets (reviewed in Lesseman, 1982).
In longitudinal section, the CI has a cylindrical or conical
appearance, with vertical lines contributed by sections or
edges of the leaflets; the central core is only visible in
median section (Fig. 1).
The seed transmission of PSbMV is associated with
the passage of the virus from the testa tissues of the
immature seed into the developing embryo (Wang and
Maule, 1994). Within the embryo, the virus follows a
highly reproducible path from the tip of the embryonic
radicle to the epicotyl and into the expanding cotyledon-
ary lobes (Wang and Maule, 1997). As part of our obser-
vations of PSbMV moving through the testa to the imma-
ture embryo, we employed immunogold labeling (IGL)
with electron microscopy (EM) to study the role of par-
ticular viral gene products in virus replication and move-
ment. A common observation in these recently infected
tissues was the location of the CI positioned over the
apertures of plasmodesmata connecting adjacent cells.
These inclusion bodies were sometimes seen at one, but
more commonly at both ends of the plasmodesmata (Fig.
1a). Such observations have been made before for
PSbMV (Calder and Ingerfield, 1990) and other potyvi-
ruses. However, the application of IGL specific for viral
CP (Fig. 1a) and CIP (Fig. 1b) confirmed that both these
FIG. 1. Immunogold labeling of PSbMV proteins associated with
plasmodesmata. Sections of recently infected pea testa tissue were
subjected to IGL with anti-PSbMV serum (a,c) or anti-CIP serum (b). The
pattern of labeling for virus coat protein (a) indicated the existence of
a channel passing through the CI and the plasmodesmata (white
arrow). The interaction of CIs and plasmodesmata frequently resulted
in the appearance of fibrillar material in the plasmodesmal cavities (b,c;
black arrows). This material labeled with anti-PSbMV (c) but not anti-
CIP serum (b). Bar in a, 200 nm; in b, 500 nm; in c, 200 nm.
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viral gene products were present at these locations and
suggested that these proteins could be functionally re-
lated. Most notable was the location of CP in what
appeared to be a continuous channel passing through
the centre of the CI and the plasmodesmal aperture (Fig.
1a). This pattern of labeling was quite different from that
seen with anti-CI serum, where the label was distributed
randomly over the leaflets of the CI (Fig. 1b), but rarely, if
ever, in the plasmodesmal cavities. The accumulation of
CP in the plasmodesmal cavities was frequently corre-
lated with the appearance of fibrillar material (Figs. 1b
and 1c); the width of the fibrils was slightly less than the
15-nm gold particles used for IGL (Fig. 1c).
The CI as a dynamic structure
These observations raised some important ques-
tions: 1. If CIs are involved in virus movement, what is
the origin and purpose of CIs at two ends of the same
plasmodesma? 2. Are both CP and CIP necessarily
linked in their association with plasmodesmata? 3.
What effect does the CI have upon plasmodesmal
structure and function? 4. What is the relationship
between CIs attached to the plasmodesmal aperture
and CIs seen commonly as aggregates of pinwheel
structures in the cytoplasm? To address these ques-
tions more directly we exploited the advancing infec-
tion front in the cotyledonary lobe. The cotyledon is
infected as an advancing front moving from the con-
tact point with the axis to the distal edge of the lobe.
PSbMV infection of the cotyledon results in some su-
perficial tissue distortion, which remains visible after
fixation and embedding (Fig. 2a). Using this as an ap-
proximate marker for the limits of tissue invasion, con-
secutive sections were taken to identify the precise in-
fection front (Fig. 2b). Infected cells were identified as
those containing visible CIs or positive IGL for CP or CIP.
The actual infection front was usually a short distance in
advance of the area of tissue distortion.
Examination of the last infected cell and its immediate
neighbors (Fig. 3a) showed that CIs were always at-
tached to the cell wall at the plasmodesmal aperture
(Figs. 3b and 3c). Hence, they were never seen attached
to the cell wall surrounding intercellular spaces. On the
cell wall shared with the forward uninfected cell, CIs
were present only on one side (Fig. 3c) and were absent
from uninfected cells (Fig. 3d). On cell walls shared with
other infected cells to the side or rear, CIs were present
most commonly at both ends of the plasmodesmata (Fig.
3b). When the CI was attached to the cell wall, IGL
identified CP on the CI and within the plasmodesmal
cavity. The relationship between IGL labeling for CP or
CIP and distance from the infection front was shown
quantitatively from counts of gold particles associated
with plasmodesmata in the different locations and is
summarized in Table 1. The analysis clearly shows the
FIG. 2. The infection front on a PSbMV-infected cotyledon. Prior to section-
ing, embedded cotyledons showed slightly different refractive properties and
tissue distortion that indicated the approximate location of the infection front
(a). Sections cut across this region (b) identified the precise location of the
infection front (white line in a; black line in b). The infection starts in the
cotyledon at the contact point with the embryonic axis (x) and spreads (black
arrow) toward the distal part of the cotyledon. Bar in a, 2 mm; in b, 20 mm.
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persistent association of CP with the plasmodesmal cav-
ity but no detectable CIP in the same location.
A systematic study behind the infection front showed
that the location of CIs and the pattern of CP IGL
changed at about five to seven cells distance. Behind
this point, CIs were no longer associated with the cell
wall and had begun to aggregate in the cytoplasm (Fig.
4a). A change in CI morphology was also apparent as the
leaflets started to separate from the central core of the CI
and to exist as structures described previously (Shukla et
al., 1994) as CI scrolls (Fig. 4b). The relationship of CIs
with coat protein also changed. IGL no longer showed
any association of coat protein with CIs but did show the
accumulation of raft-like aggregates of virus particles
(Fig. 4c). These showed a regular spacing of the virus
particles and an association with tubular-like membrane
structures (Figs. 4d and 4e). Despite the relocation of CIs
into the cytoplasm, CP remained in the plasmodesmal
cavities (Table 1). This situation existed throughout the
remaining infected area of the cotyledon.
CIs induce structural changes in plasmodesmata
Collectively, these observations point to a transient
modification of plasmodesmal function although, aside
from the presence of the CIs and CP at or in plasmo-
FIG. 3. Cylindrical inclusions at the infection front. (a) An enlargement of the first uninfected cell in advance of the infection front in Fig. 2b (although
to give an improved layout the image in Fig. 2b is reversed); the black arrow, top left, shows the orientation of the cell relative to that in Fig. 2b. Higher
magnification micrographs of the cell wall regions (shaded boxes) are shown in b–d. In the last infected cell, CIs were seen binding to cell walls at
the plasmodesmal aperture (b and c). When the cell wall was shared with a previously infected cell, CIs were present at both ends of the
plasmodesma (b); when shared with an uninfected cell, the CI was visible only on the ‘‘infected’’ side of the cell wall (c). No CI-like structures were
evident on cell walls separating uninfected cells (d). The presence of CIs was accompanied by positive IGL for coat protein (arrows; b and c) in the
plasmodesmal cavity. Longitudinal sections of plasmodesmata (such as illustrated in Fig. 1a) were obtained relatively rarely. Bar in a, 10 mm, and in
b–d, 500 nm.
176 ROBERTS ET AL.
desmata, it is not clear what the functional conse-
quences of the modification could be. One feature of
plasmodesmal structure that can change rapidly in re-
sponse to physiological stress is the presence of callose
(Smith and McCully, 1977; Hughes and Gunning, 1980;
Galway and McCully, 1987). Using an antibody to callose
for IGL, sections of tissue across the infection front were
analyzed for callose accumulation (Fig. 5). The antibody
showed labelling over plasmodesmata in uninfected
cells (Fig. 5c) and infected cells where the CIs had lost
the plasmodesmal association (Fig. 5a). In contrast,
when the CI was present over the plasmodesmata cal-
lose labeling was less abundant (Fig. 5b). These obser-
vations were confirmed quantitatively by counting the
numbers of gold particles in the vicinity of plasmodes-
mata in the presence and the absence of CIs (Table 2).
This analysis showed that callose labeling away from the
plasmodesmata remained constant across the infection
front but labeling close to plasmodesmata was reduced
by approximately twofold when the CI was attached to
the wall.
DISCUSSION
The mutagenesis of TEV (Carrington et al., 1998)
clearly defines the potyvirus CI as a multifunctional pro-
tein that has roles in virus replication and local and
long-distance virus movement. The ultrastructural study
of PSbMV CIs across an advancing infection front adds
to this complexity by demonstrating that many of the
functions, or consequences of them, can be very tran-
sient. Logically, the activities of virus MPs should be
most prevalent at the infection front as the virus ad-
vances into previously uninfected cells. This has been
shown experimentally for TMV (Oparka et al., 1997).
Since this must be followed by a rapid amplification of
viral RNA, it is where viral RNA replication must also be
most active. Our previous work (Wang and Maule, 1995;
Aranda et al., 1996) has demonstrated that virus replica-
tion (identified by the presence of virus (2) strand RNA)
is restricted to a narrow zone at the infection front.
Some of the individual observations of the CIs re-
ported here have been made before (e.g., Lawson and
Hearon, 1971; Langenberg, 1986; Calder and Ingerfield,
1990; Rodrı´guez-Cerezo et al., 1997) but we have been
able to place these observations in a precise sequence
of transient events in relation to the advancing infection.
By relating the distance behind the infection front to the
time after infection, we have observed a series of ultra-
structural events that suggest that the CI may be func-
tional for only a short period of time (equivalent to five to
seven cells). Briefly, CIP formed in a newly infected cell
attaches as CIs to plasmodesmal apertures including
those through which the virus may just have passed. The
CI mediates the passage of a nucleoprotein complex
(including CP) into the next cell. This can occur only
during the phase of active virus replication in the cell,
after which the CIs disassociate from the cell wall, ac-
cumulate in the cytoplasm, and begin to degenerate.
Virus CP remains associated with the plasmodesmata,
although the cell returns to a near normal state with
regard to host gene expression.
From the mutagenesis of TEV CI we can predict that
the activity could be related to cell-to-cell movement,
replication, or perhaps encapsidation. The pattern of CP
when the CI is detected adjacent to plasmodesmata
argues more strongly for the first of these options. The
location of CP in the central core of the pinwheel struc-
ture, and continuously through the plasmodesma, sug-
gests that the CI could function to position virus particles
for translocation across the cell wall. In this case, the
accumulated material in plasmodesmata could repre-
sent virus particles. The dimension of the fibrils within
the plasmodesmal cavities approximates to the width of
virus particles; similar fibrillar material has been ob-
served before for other rod-shaped viruses (Oparka et
al., 1996). Unfortunately, in the absence of an anti-idio-
typic antibody for virus capsids it is not possible to state
definitively whether this represents virus particles or
accumulated coat protein. We have evidence, however,
that viral RNA is also present in this location (K. Findlay,
unpublished data).
Microinjection experiments did not identify a direct
involvement of CIP in plasmodesmal function (Rojas et
al., 1997), although there was no evidence that the E.
coli-expressed protein was biochemically functional or
that it had the capacity to form CIs. Also, we did not
observe CIP within plasmodesmata at any stage after
infection. This result is different from that found for
TVMV (Rodrı´guez-Cerezo et al., 1997), where some CIP
labeling was present over plasmodesmata. From the
physical size and location of the CIs, it is not clear
whether they would increase plasmodesmal size ex-
clusion limits or block the plasmodesmal aperture.
That there is some structural change in the plasmod-
esmata is suggested from the change in callose label-
Table 1
Quantitation of Immunolabeling for PSbMV Proteins
in the Vicinity of Plasmodesmata
Location
CP-IGLa CIP-IGLb
Total countsc Counts/Pdd Total counts Counts/Pd
Behind IFe 756/133 5.68 10/115 0.087
IF 680/119 5.71 11/144 0.076
Ahead of IFf 6/135g 0.044 5/121g 0.041
a Coat protein immunogold labeling.
b Cylindrical inclusion protein immunogold labeling.
c Total gold particles for total number of plasmodesmata.
d Mean gold counts per plasmodesma.
e Counts taken approximately 8–10 cells behind the infection front.
f Uninfected tissue.
g Equivalent to background labeling.
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ing associated with the presence of CIs. However, the
precise function of callose in plasmodesmata is not
known. Since the CIs fall away from the cell wall after
a short time (five to seven cells) and callose labeling is
restored, even in the presence of CP, the effects on
plasmodesmal structure must be transient and spe-
FIG. 4. Changing morphology of the CIs behind the infection front. Beyond about six cells behind the infection front, CIs dissociated from the cell
wall and accumulated as aggregates in the cytoplasm (a, b). Initially the CIs retained their pinwheel morphology (a) but later were mixed with
‘‘scroll’’-like structures (b). The origin of the scrolls as rolled leaflets removed from the pinwheels is evident from the example arrowed in (b). Sections
in (a–e) were subjected to IGL with antiserum to detect viral CP. Away from the cell wall no CP was detected in association with the CIs. At this stage
in the infection, virus particles (identified by IGL) were aggregated into ‘‘rafts’’ in the cytoplasm (c). Longitudinal (d) and transverse (e) sections of these
structures showed the association of particles with membranes. Bars in a–d, 500 nm; bar in e, 200 nm.
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cific for the presence of the CI. It is possible that the
interference in cell-to-cell communication by the CI
could provide a trigger for the range of host responses
associated with PSbMV infection (Wang and Maule,
1995; Aranda et al., 1996). A role for CP in this effect
seems unlikely since CP persists in the plasmodesmal
cavities for a long time after viral RNA replication has
slowed and host gene expression is restored.
CIs located away from the cell wall accumulate in
the cytoplasm as the characteristic pinwheel aggre-
gates seen in all potyvirus infections. The occurrence
of this relocation at a distance behind the infection
front, and the absence of coat protein labeling here,
suggests that the CIs are no longer functional. In fact,
the CIs show signs of degeneration as the curved
leaflets separate from the pinwheel and form scrolls of
protein aggregate. This relationship between the dif-
ferent physical forms of the CIP is important, as the
shape of the CI has been used for potyvirus diagnosis
(Shukla et al., 1994). It is clear now that the scroll form
should not be treated as distinct from the intact pin-
wheel CI.
In conclusion, our data demonstrate that plasmodes-
mata at the forward edge of the infection front develop an
intimate relationship with the PSbMV CP and CIP that fits
with a role for both proteins in virus movement. Spatial
analysis across the infection front placed a sequence of
ultrastructural events in a temporal context that revealed
functional and nonfunctional states for the CIP as pin-
wheel inclusions. A similar conclusion about the tran-
sient functionality was drawn for the activity of the TMV
MP in mediating plasmodesmal gating (Oparka et al.,
1997). This type of temporal analysis has not been widely
employed previously in plant virology but clearly has
great potential for use in understanding other aspects of
virus multiplication and host responses.
FIG. 5. Chemical changes around plasmodesmata in the presence of
CIs. Sections of tissue behind (a), immediately behind (b), and in front
of (c) the infection front were treated with anti-callose serum for IGL.
Before infection, callose was detected in the cell wall around plasmod-
esmata (c). The same was true later after infection when the CIs had
dissociated from the cell wall (a). In contrast, when CIs were present
over the plasmodesmal aperture, less callose was detected (b). Bars in
a–c, 500 nm.
TABLE 2
Change in Callose Deposition near Plasmodesmata
across the PSbMV Infection Front
Location
Callose-IGLa
Total countsb Counts/Pdc
Behind IFd 551/26 21.2
IF 325/30 10.8
Ahead of IFe 811/50 16.2
a Callose labeling was present all along the cell wall but concen-
trated in the vicinity of plasmodesmata. Mean counts for callose IGL
between plasmodesmata were 125.6/5 mm cell wall length, a number
that remained unchanged across the infection front.
b Total number gold particles for total number of plasmodesmata.
c Number gold particles per plasmodesma. As there was very little
gold labeling over the plasmodesmal cavities themselves, counts were
taken from the cell wall region for 6 0.13 mm each side of the plas-
modesma.
d Counts taken approximately 8–12 cells behind the infection front.
e Uninfected tissue.
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MATERIALS AND METHODS
Virus and plant material
Pisum sativum cv. Vedette seedlings were inoculated
with PSbMV isolate 28 and maintained in a glasshouse
at 18° to 22°C as described previously (Wang and Maule,
1992, 1994). PSbMV-28 is seed transmitted at approxi-
mately 60% efficiency (Wang and Maule 1992). Mature
fresh seeds (i.e., green seeds before the onset of desic-
cation) were harvested, the seed coat was removed and
one from the pair of cotyledons tested for virus infection
by ELISA (Wang et al., 1993). The second cotyledon was
processed for electron microscopy.
Fixation and embedding
Cotyledons were processed essentially as described
by Roberts (1994). Cotyledons were vacuum infiltrated in
5% (w/v) glutaraldehyde in 0.1 M PIPES buffer, pH 8.0
(Salema and Brandao, 1973), and allowed to fix for 18–24
h at 4°C. After fixation, the cotyledons were washed,
dehydrated through an ethanol series, and embedded in
ARALDITE resin (Agar Scientific Ltd.) in small plastic
dishes. Using the slight tissue distortion on the surface
of the cotyledon as a guide the embedded material was
orientated to allow sectioning across the infection front.
Ultrathin sections (100 nm; silver/gold interference col-
ors) were cut on an ultramicrotome using tungsten-
coated glass knives (Roberts, 1975), heat-stretched (Rob-
erts, 1970), and mounted on pyroxylin-filmed nickel grids.
Immunogold labeling
IGL was optimized and performed as described pre-
viously (Roberts, 1994). Sections were pretreated with
DECON 75 (Decon Laboratories) before incubating with
antisera diluted in phosphate-buffered saline. Polyclonal
antisera raised in rabbits to purified PSbMV-28 or CIP
(Wang et al., 1991) were used after preabsorption with
proteins from healthy peas (Fasseas et al., 1989). Rabbit
polyclonal antiserum to callose was obtained from Ge-
nosys Biotechnologies Inc. In all cases, specific reac-
tions were detected with 15-nm-gold-conjugated goat
anti-rabbit IgG (GAR-G, 15 nm; Amersham Life Sciences).
After IGL, the sections were poststained with uranyl
acetate followed by lead citrate (Reynolds, 1963) before
examination in the electron microscope. The specificities
of the virus antisera have been assessed previously
(Wang et al., 1991); in our experiments only very dis-
persed and weak labeling was observed on sections of
uninfected tissues.
IGL was quantified from two series of sections sepa-
rated in the tissue by 2 mm. For CIP and CP labeling,
counts were taken in the immediate vicinity of plasmod-
esmata, but excluding the extreme outer edges of the
wall to avoid label associated with CIs. For callose,
counts on 50-mm lengths of cell wall between plasmod-
esmata were taken separately from lengths (0.25 mm)
around plasmodesmata. Label associated with .100
plasmodesmata were recorded at tissue locations in
front of, at, and approx. 10 cells behind the infection front.
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